A guinea pig model of experimental legionellosis was established for assessment of virulence of isolates of Legionella longbeachae. The results showed that there were distinct virulence groupings of L. longbeachae serogroup 1 strains based on the severity of disease produced in this model. Statistical analysis of the animal model data suggests that Australian isolates of L. longbeachae may be inherently more virulent than nonAustralian strains. Infection studies performed with U937 cells were consistent with the animal model studies and showed that isolates of this species were capable of multiplying within these phagocytic cells. Electron microscopy studies of infected lung tissue were also undertaken to determine the intracellular nature of L. longbeachae serogroup 1 infection. The data showed that phagosomes containing virulent L. longbeachae serogroup 1 appeared bloated, contained cellular debris and had an apparent rim of ribosomes while those containing avirulent L. longbeachae serogroup 1 were compact, clear and smooth.
findings of a Legionnaires' disease investigation in California, Oregon, and Washington suggests that transmission from potting soil has occurred for the first time in the United States (7), although soil surveys for Legionella have not been conducted there (7) . L. longbeachae organisms have been detected in water (35) ; however, this may not be the preferred ecological niche for the organism.
Nearly all of the studies undertaken to understand pathogenesis of Legionella have focused on L. pneumophila serogroup 1. A few studies have been undertaken with L. micdadei, the second most common etiologic agent of Legionnaires' disease in the Unites States (19, 33) . L. micdadei infects primarily immunocompromised hosts, but this pathogen causes substantially fewer infections than L. pneumophila. Few virulence studies have been undertaken with L. longbeachae (25, 27) , and little is known of the intracellular life cycle of the organism and what factors may contribute to pathogenicity. L. longbeachae serogroup 2 has been examined by intraperitoneal injection into guinea pigs and for the ability to infect and multiply in a protozoan model of infection using Tetrahymena pyriformis and Hartmannella vermiformis (13, 37, 44) . L. longbeachae serogroup 2 ATCC 33484 has also been shown to replicate in guinea pig macrophages and A/J, C57BL/6, and DBA/2 mouse peritoneal macrophages (17) . L. longbeachae serogroup 1 replicates in U937 cells (27) but is unable to replicate in Mono Mac-6 cells or in Acanthamoebae castellanii (14, 25) . A recent publication from our laboratory has shown that an L. longbeachae serogroup 1 clinical isolate is capable of causing death and disease in guinea pigs exposed to an aerosol dose of the organism, similar to the observation with L. pneumophila (10, 12) . The histological appearance of the lungs taken from the animal was consistent with a severe acute pneumonia, and this was similar to that seen with L. pneumophila serogroup 1 (12) .
Here, the aerosol in vivo model of infection of guinea pigs was used to examine a panel of L. longbeachae isolates in order to assess differences in virulence within the species. Several strains of L. longbeachae were also tested for their ability to infect macrophage-like U937 cells, as it is generally assumed that disease caused by L. pneumophila is due to the ability of the organism to grow within alveolar macrophages and is a hallmark of virulent Legionella strains (8, 11, 22, 27) .
MATERIALS AND METHODS
Bacterial strains and media. Isolates of Legionella used in this study are listed in Table 1 . Strains were routinely cultured on charcoal yeast extract ␣-ketoglutarate (CYE) plates (21) at 35°C. For counts in lung tissue, Legionella organisms were plated on CYE plates containing pimafucin (250 mg/liter), polymyxin B (80,000 IU/liter), and vancomycin (2 mg/liter). Prior to experimental work the classification of the L. longbeachae isolates was confirmed using molecular methods developed in this laboratory (21, 29) (data not shown).
Infection of guinea pigs. Outbred guinea pigs, IMVS colored stock (Veterinary Services, Institute of Medical and Veterinary Science [IMVS] , Gilles Plains, South Australia, Australia), weighing between 200 and 700 g were inoculated via the aerosol route essentially as described previously (12) . The test suspension of Legionella organisms was prepared from a 48-h CYE plate of growth in sterile tap water. A dose of approximately 10 9 organisms total was used for each test strain exposure. The actual number of organisms in the dose was determined retrospectively by serial 10-fold dilution in sterile tap water. In some aerosol experiments, the actual numbers of Legionella organisms that had been retained in the lungs of exposed guinea pigs were determined as described previously (12) . After exposure, the animals were removed and placed in cages with only animals exposed to the same Legionella strain. The animals were checked two to three times daily for signs of illness, and weights were recorded. Animals were monitored for 7 days after exposure, and results were recorded on a separate work sheet for each animal in the test group. Symptoms noted included: activity (lethargy), signs of labored breathing, food intake, and water consumption. Animals that were very sick, as evidenced by extreme lethargy and labored breathing, determined as unlikely to survive more than a few hours, were euthanatized as a requirement of the IMVS animal ethics committee (policy approval no. 27/96).
Infection of macrophage-like U937 cells. U937 cells are a human histiocytic lymphoma cell line that differentiate into nondividing, glass-adherent cells with the phenotypic characteristics of macrophages, when treated with phorbol esters (41) . To assess the relative infectivity of L. longbeachae strains for U937 cells, 50% infective doses (ID 50 ) were determined. The ID 50 , defined as the minimum inoculum size that yielded intracellular L. longbeachae in 50% of the inoculated monolayers, was determined using previously published methods (9, 28) . The ID 50 was determined, after 72 h of incubation, and calculated by the method of Reed and Muench (9, 32) .
Electron microscopy. L. longbeachae serogroup 1 ATCC 33462, an avirulent strain that is possibly laboratory attenuated, and a highly virulent Australian clinical isolate, strain A5H5, were chosen for examination by electron microscopy to determine the nature of intracellular infection of this species. The strains were inoculated into one guinea pig each, using the aerosol model of infection, with a standardized dose of 10 9 organisms as outlined above. At day 3 postinfection, the guinea pigs were euthanatized and the lungs were removed and placed in 2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer. Sections were prepared for transmission electron microscopy as follows. Briefly, lungs were postfixed by immersion in 2% osmium tetroxide in 0.1 M sodium cacodylate buffer for 1 h, and this was followed by dehydration in methanol and infiltration and embedding in Spurr's epoxy resin. Survey sections (0.5 m) were stained with toluidine blue and scanned by light microscopy to define areas containing bacteria for ultrastructural examination. Ultrathin sections (0.1 m) were then cut, stained with uranyl acetate and lead citrate, and examined in a JEOL1200EXII transmission electron microscope. (Fig. 1A) . A similar severe infection was observed for L. pneumophila (Philadelphia-1) (12) . Strains of L. longbeachae serogroup 1 showed differences in their ability to cause disease in this model of infection based on number of deaths and the severity of the disease, as shown by weight loss and time to death (Fig. 1) .
Cluster analysis based on the total number of animals killed by each test strain of L. longbeachae defined three statistically significant groupings, classified as type 1, 2, or 3. Table 3 ). All Australian isolates tested were able to cause disease and death in this animal model. Fisher's exact test (two tailed) also confirmed that the groups defined by the cluster analysis were statistically different from each other (P ϭ 5.36 ϫ 10
Ϫ7
). Further analysis of the raw data suggested that some virulent strains, defined above, killed the test animals more rapidly than others even though the total number of dead animals was the same for each. Therefore, mean time to death was also assessed as a variable for statistical grouping of L. longbeachae strain virulence, using cluster analysis (Table 2) . Mean time to death is a suitable variable of analysis due to the low numbers of guinea pigs exposed (five in each test group) and also because this variable captures severity of the outcome of the experiment. Cluster analysis defined four groupings; however, cluster four contained only one strain, D-493. For simplicity of comparison strain D-493 was defined as a type 1 strain, as are cluster three strains, as statistical analysis using total number of animals killed as a variable suggested a type 1 classification for this isolate (see above). Thus, the three virulence groupings observed using mean time to death as a variable were similar to that observed using number of animals killed. Type 1 strains were highly virulent, with a mean number of days to death ranging from 4 to 5.8 ( Table 2 ). The onset of death in some animals was very sudden, and the severity of disease was similar to that produced by strains of L. pneumophila, which would also fall into this category based on these criteria (Fig. 1A ) (12) . Type 2, moderately virulent strains, caused death of test animals after a mean number of days ranging from 6.4 to 7.6. The last category, type 3 strains, had a mean time to death of 7.8 to 8 days. The Wilcoxon rank sum test determined that the clusters (1, 2, and 3, or three of the four combined) were statistically significantly different from each other, with P values of 0.0187 (C1 versus C2), 0.0001, (C1 versus C3), and 0.0001 (C2 versus C3). The Wilcoxon rank sum test is a nonparametric test and was used because the time-to-death data were not normally distributed, and therefore the assumptions of parametric tests such as the t test are not met (or are violated). The same groupings were seen using median time to death as a variable for nonnormally distributed data.
L. longbeachae strain classification of virulence type, based on mean-time-to-death variable cluster analysis, is summarized with the aerosol experiment results in Table 3 .
Infectivity of L. longbeachae strains in U937 cells. ID 50 s were determined at 72 h postinfection, for empirically selected strains of L. longbeachae, in a U937 model of infection (Table  4) (9) . Two infections were set up for each test strain, although a result was not achieved in duplicate for two strains, K4A1 and ATCC 33462. An L. pneumophila positive control (strain 130b) was also set up in each experiment, as it is well established that this strain can replicate efficiently in U937 cells (8, 11, 27, 28) .
L. pneumophila (130b) was able to infect the U937 cells exhibiting an ID 50 of Ͻ1,200 bacteria (Table 4) , consistent with previously published observations (27, 28) . All of the Australian isolates of L. longbeachae serogroup 1 were infective for U937 cells and had ID 50 s that were comparable to each other and to those of L. pneumophila (130b), with the exception of strain K5H9 (Table 4) . Strain K5H9 had a variable infectivity, with an ID 50 of 10 2 bacteria in one infection and 10 4 in a replicate test (Table 4) . Interestingly, this strain killed three of five guinea pigs in the aerosol model but grouped as a type 2 strain based on time to death. This may reflect the slowerprogressing disease caused by this organism, which may be related to its ability to establish infection in macrophages. The L. longbeachae ATCC 33462 (serogroup 1) and ATCC 33484 (serogroup 2) type strains both appeared incapable of intracellular growth (Table 4) . High ID 50 s of 10 4 bacteria suggest that the strains are impaired for intracellular replication within U937 cells (27) . The result does not preclude the possibility, however, that these isolates may still be capable of surviving within the U937 cells. In general, the ability of Australian isolates of L. longbeachae to infect U937 cells correlated well with their ability to cause disease in an animal model of infection (Table 4) . FIG . 1. Percentage of weight gain or loss in guinea pigs exposed to an aerosol of different strains of Legionella. Guinea pig death is indicated by termination of the ribbon graph prior to the end of the experiment at day seven. Animals were exposed to a test dose of approximately 10 9 CFU and were classified into virulence groups according to the severity of the disease produced. Statistical groupings were assigned based on time to death using the SAS statistical package version 6 (SAS Institute Inc.). Type 1 L. longbeachae serogroup 1 strains were highly virulent. The mean number of days before death occurred ranged from 4 to 5. Transmission electron microscopy analysis of lung tissue infected with L. longbeachae serogroup 1. In mammalian and protozoan host cells, L. pneumophila serogroup 1 replicates intracellularly in a specialized phagosome surrounded by host cell rough endoplasmic reticulum (ER) (1, 15, 42) . Electron microscopy of L. longbeachae serogroup 1-infected lung tissue was therefore undertaken to determine the intracellular location of this species. Lungs were taken from guinea pigs 3 days postinfection with L. longbeachae serogroup 1, strains ATCC 33462 and A5H5, and hence sections were not representative of a particular stage of infection.
Phagosomes containing the virulent A5H5 strain were observed in macrophages by electron microscopy ( Fig. 2A and B) . Some phagosomes appeared quite large in relation to the total size of the macrophage and contained several bacteria (Fig. 2B) . Mitochondria and host cell organelles were seen in close proximity to the phagosomes containing the bacteria, and the membrane appeared to be surrounded by electron-dense structures (ribo- somes) ( Fig. 2A) . Phagosomes containing several A5H5 bacteria (Fig. 2B) were also seen and may be representative of later stages of infection. The membrane of these potential later-stage vacuoles did not appear to be surrounded with ribosomes but generally appeared to be associated with host cell organelles. The attenuated avirulent ATCC 33462 L. longbeachae serogroup 1 strain was also found in phagosomes in macrophages ( Fig. 2C and D) . Figure 2C may represent an early event just after uptake of the bacteria into the macrophage cell with four phagosomes, each containing a single bacterium. Figure 2D could represent a later stage of infection in which several phagosomes have fused to form one large phagosome, containing a few bacteria, or it may depict replication of the bacteria. Sections were prepared from lungs removed at day 3 of the infection, making it difficult to distinguish between these two scenarios. The vacuole containing these bacteria was surrounded by a smooth membrane that did not appear to be associated with any host organelles or ribosomes. Association of phagosomes with host cell organelles and ribosomes was not apparent in any of the fields examined (data not shown). Large vacuoles containing several bacteria, observed for the A5H5 strain, were not seen with ATCC 33462. In general, phagosomes containing the ATCC 33462 strain were small and relatively clear in comparison with those containing the virulent A5H5 strain. Strain A5H5 was generally associated with larger phagosomes that contained several bacteria and that also appeared to contain cellular debris.
DISCUSSION
Statistical analysis of the raw animal experiment data determined three L. longbeachae serogroup 1 virulence types based on the ability of the organism to cause disease in experimentally infected guinea pigs. Initially, change in weight (weight difference) was thought to be a good predictor of virulence of a particular strain, as it is a symptom that can be easily measured and recorded. However, statistical cluster analysis of weight differences did not distinguish avirulent strains, which did not kill test animals, from those that were clearly virulent as evidenced by death of more than half of the animals in the test group (data not shown). Strains that killed test animals quickly would not allow time for a large weight loss to occur and hence would not be distinguished from those strains that did not produce severe weight loss symptoms and were avirulent. The results indicated that weight difference was not a good indicator of overall virulence of a particular strain of L. longbeachae, although it was a good indicator of overall health of the animal.
Statistical cluster analysis using mean time to death as a variable was used to classify L. longbeachae serogroup 1 strains into three virulence types. Type 1, highly virulent strains, rapidly killed most animals in the test group, and the majority of isolates in this category were from Australia, although two non-Australian isolates also fell into this group. Type 2 strains killed fewer animals and caused a slower-progressing disease than did type 1 strains and the remaining Australian isolates grouped in this category, as did three non-Australian isolates. Type 3 strains were mostly avirulent and were unable to cause disease, although one strain that killed one animal on day 6 also fell into this category. This group contained only nonAustralian isolates. No Australian isolate tested was avirulent in the aerosol model. U937 infection studies indicated that the Australian isolates of L. longbeachae serogroup 1 were capable of infecting these cells at levels comparable to L. pneumophila and other virulent species. The results with our original ATCC 33462 type strain in this model of infection are in contrast to those of O'Connell et al., who showed that this same strain (Long Beach 4) was able to infect U937 cells, with an ID 50 of Ͻ1,000 bacteria (27) . It is unusual for a strain to be capable of infecting macrophages and unable to cause disease in an animal model of infection (27) . The result suggested that the original ATCC 33462 isolate had become attenuated. A more recent stock of ATCC 33462 type strain was purchased and tested to ensure that the original stock had not become laboratory attenuated. The recent stock was also avirulent in the guinea pig animal mode, even with a test dose of 10 10 organisms (Table 3) . Postmortem examination of the lungs determined that small foci of infection were evident, although these did not appear to manifest themselves through other symptoms. The L. longbeachae serogroup 2 ATCC type strain is also avirulent in the animal model (12) . The recently obtained stock of ATCC 33462 (obtained in 1997) was not assessed in U937 cells. Interestingly, the ATCC 33462 type strain has been tested in macrophage-like Mono Mac 6 cells by other workers, who found that it was unable to replicate in this cell type (25) . It is possible that some strains of L. longbeachae may be more sensitive to attenuation resulting from delayed storage or freeze-drying processes, factors more likely to occur when cultures are sent to overseas laboratories. The passage history of isolates and laboratory attenuation is an important factor in the interpretation of results of this study. However, all isolates used were stored immediately, and the Overall, the U937 model results were consistent with the animal model data, as strains that could infect the U937 cells were also capable of causing disease in this aerosol model. However, the results also support the idea that virulence is a multifactorial process and in probability involves more than just the ability to infect macrophage cells; therefore, this alone may not necessarily be a good indicator of the pathogenic capability of a particular strain.
The incidence of disease due to L. longbeachae serogroup 1 in Australia may, in part, be due to the inherent virulence of Australian isolates in comparison with those from elsewhere. The animal model data suggest that Australian strains may be inherently more virulent than overseas isolates. Statistical cluster analysis showed a strong trend for a higher proportion of Australian isolates to fall into virulent groups while the relatively avirulent grouping contained only non-Australian isolates. Whether this is a true reflection of inherent virulence in the Australian isolates is difficult to ascertain. The groupings are reflections of trends in the data and are by no means exact, due to the small number of animals tested for each strain and the relatively small number (n ϭ 18) of isolates tested. Factors that may influence these groupings may be variations in the test dose administered and the innate resistance of the outbred guinea pigs used in the study, thus influencing disease outcome.
Alternatively, other factors may influence the increased incidence of disease due to L. longbeachae serogroup 1 in Australia. Differences in the components and manufacture processes of potting mix elsewhere in comparison with Australia may play a role. L. longbeachae serogroup 1 has been shown to principally reside in potting soil rather than water (38) . It has been found in potting mixes and the waste wood products of Australian samples but not in potting mixes obtained from Europe and the United Kingdom (39) . Soil surveys for Legionella have not been conducted in the United States (7), although a recent report suggests transmission from potting soil has occurred for the first time in the United States (7). L. longbeachae serogroup 1 and other Legionella species have been found in potting mixes, in composted plant matter from home gardens, and in bulk composting depots (16) . Temperatures in the composting heaps were within the optimal range (25 to 35°C) for the multiplication of soil Legionella. Hence, composting may be an important step in the amplification of Legionella species in the environment (16, 34) . It has been proposed that the relative rarity of infection due to L. micdadei, in comparison with L. pneumophila, may be due, in part, to differences in growth kinetics in the environment rather than to a genuine difference between the two species (4). Climatic and industry-related conditions in Australia may favorably influence the numbers of L. longbeachae serogroup 1 species in the environment. Increased incidence of L. longbeachae serogroup 1 in Australia may also be a reflection of increased surveillance for this species in Australia in comparison with elsewhere. It has been proposed that legionellosis is underreported to the Centers for Disease Control and Prevention (CDC) in the United States, due to failure to obtain the appropriate diagnostic tests in cases of pneumonia of unknown etiology, difficulty of culturing Legionella from clinical specimens, and difference in state protocols regarding reporting of disease due to this organism (7) .
Very little is known about the intracellular life cycle of L. longbeachae and what factors contribute to pathogenesis. These factors may be shared with L. pneumophila and other species of Legionella or they may be unique. L. micdadei shares some virulence features with L. pneumophila, such as Mip (26) and flagella (3) , but the former is not taken up by coiling phagocytosis (31) and does not appear to replicate in a specialized phagosome associated with the host ER (46) . A recent comparative study of virulence traits of L. pneumophila and L. micdadei has also determined that the two species also appear to use distinct mechanisms to parasitize macrophages (19) .
As an initial approach to understanding the intracellular nature of pathogenesis of L. longbeachae serogroup 1, transmission electron microscopic examination of infected lung tissue was undertaken. The data were difficult to interpret as the sections were taken from infected lung tissue and not from macrophage cells infected in vitro. Under in vitro conditions, various stages of infection can be examined and compared with each other. In these experiments lungs were taken from infected animals three days after exposure and hence may reflect all stages of infection together with the immunogenic response of the guinea pig to infection.
Relatively few ATCC 33462 bacteria were seen in comparison to A5H5, most likely due to clearance of bacteria from the lung, since this strain is avirulent in an animal model (12) . Strain ATCC 33462 was also found in phagosomes that differed morphologically from those containing the virulent A5H5 strain since they were small, did not appear associated with host cell organelles and often contained a single bacterium. In contrast phagosomes containing the virulent A5H5 strain appeared to be associated with host cell organelles and in some cases were surrounded by electron dense structures. This observation was in agreement with the results of a recent publication by Gerhardt et al. that determined L. longbeachae serogroup 1 ATCC 33462 is able to induce ribosome studded phagosomes in Mono Mac 6 cells that associate with the host cell rough ER (14) . The results for the ATCC 33462 type strain, L. longbeachae serogroup 1 in this study, while in contrast to those of Gerhardt et al., are not surprising, as our stock of this isolate is unable to cause disease in an animal model of infection and hence is unlikely to be competent for intracellular growth within macrophages. In conclusion, the data suggest that virulent strains of L. longbeachae serogroup 1 replicate in a specialized phagosome in a manner similar to L. pneumophila serogroup 1 (1, 15, 42) .
However, our observation of large vacuoles containing several A5H5 bacteria that appeared to be filled with debris and did not show any significant ribosome studding was in conflict with this postulate. The morphology of these large vacuoles suggested that they represented phagosomes that had fused with host cell lysosomes. The vacuoles appeared to contain much debris, possibly due to uptake of cellular debris by the macrophage. Lungs taken from animals infected with strain A5H5 exhibit severe damage and consolidation, suggesting that this is likely (12) . In addition the bacteria within these large vacuoles did not appear to be damaged, further suggesting that virulent strains of L. longbeachae serogroup 1 may survive and multiply within phagosomes that have fused with lysosomes. It is known that L. micdadei multiplies in macrophages in phagosomes that do not associate with host cell ribosomes and that fuse with lysosomes (31, 46) . Therefore, our observations also suggest that L. Longbeachae serogroup 1 strains might replicate in a phagolysosome similar to that reported for L. micdadei (46) . However, recent studies focusing on the replication phase of the L. pneumophila intracellular life cycle have shown that vacuoles containing this pathogen accumulate lysosomal markers as they develop, suggesting that the organism is delivered to a lysosomal compartment during intracellular replication and hence survives in lysosomal vacuoles (40) . The same authors also noted that vacuoles containing replicating L. pneumophila organisms that were more than 24 h old frequently contained granular and membranous material indicative of a phagolysosomal existence for the bacteria, consistent with our observations (40) . Therefore, the intracellular life cycle of L. longbeachae is more closely aligned with that of L. pneumophila than that of L. micdadei. This model fits well with the animal model data, which suggest that this strain of Legionella is potentially as virulent as L. pneumophila, while L. micdadei primarily infects immunocompromised hosts and is less virulent in animal and cell culture models of infection (19) .
The study highlights the need to study other species of Legionella as well as multiple strains within species. It has been proposed, based on U937 infection studies, that one isolate of a given species judged as noninfective does not mean that all strains within that species are noninfective (27) , consistent with our findings. The results of the animal studies are of interest as previous studies with L. longbeachae serogroup 1 suggest that it is remarkably clonal (21, 30) , which is in disagreement with the range of virulence observed in this study with this species. A more detailed analysis of L. longbeachae serogroup 1 strains may reveal factors that are unique to type 1 strains and are lacking in less virulent type 2 and 3 isolates. Work is in progress to elucidate the intracellular lifestyle of L. longbeachae and the factors, other than Mip (12) , that may be important in pathogenesis of this species.
